Abstract-This work presents the validation of a modelling method for the characterisation of the VOR error in the presence of large scatterers. More specifically, wind turbines are considered because their increasing number makes their modelling a topical problem. Here, the electromagnetic perturbation due to the wind turbines is addressed by a method hybridising parabolic wave equation and physical optics. The VOR receiver is considered such that the overall method gives an estimation of the VOR error. This method is validated by comparisons with in-flight measurements performed in the same location before and after the erection of a wind farm.
I. INTRODUCTION
For air transport navigation, VHF Omnidirectional Range (VOR) systems are crucial: they give to aircraft their direction with respect to North. However, this information can be deteriorated by nearby obstacles, which yield multipaths. Signals coming from unwanted directions are processed by the onboard VOR receiver, which modify the on-board displayed bearing.
Today, the air transport authority delivers approvals for the construction of buildings in the vicinity of VORs [1] . Their rules are very restrictive, and wind turbine industrialists request looser regulations. The method presented here could be used for delivering case-by-case approvals, for wind turbines and other buildings.
The simulation method presented here follows three objectives: 1/ the simulation can be performed on a standard computer in reasonable time, 2/ the output of the model is the VOR error, which renders the method easily interpretable for the air transport community, and 3/ the model gives a prediction of the VOR error with a good accuracy. The VOR error expression requires both the amplitude and the phase of the direct and multipath signals [2] . Therefore, a good balance between computation time and accuracy is required with both amplitude and phase of the multipaths.
Many types of simulation methods have been proposed during the last decade. The uniform theory of diffraction has been proposed [3] , [4] . This method is accurate but is memory intensive for complex scenes. More recently, models involving parabolic equation (PE) and physical optics (PO) have been developed [5] , [6] . The work presented here is based on these latter. Models based on the RCS [7] , [8] or using the knifeedge model [9] have also been developed. They propose fast computations of the field scattered by wind turbines. However, the simplifications underlying these models are important, and the VOR error cannot be obtained since the phase is not available. These methods are interesting for rough calculations, but cannot give precise results.
Finally, the method preferred here is the hybridisation between parabolic equation (PE) [10] and physical optics (PO) [11] to calculate the multipaths. The hybridisation method is detailed in Claudepierre et al. [12] . The main advantages are to considered the antenna radiation pattern and the relief between the VOR antenna and the wind turbines. Moreover, the ground composition is taken into account. The major drawback is that 3D effects are neglected. The relevancy to use PO for the simulation of the field scattered by the wind turbines has been demonstrated by Claudepierre et al. [13] .
The simulation method is briefly presented in section II. In section III, the measurement campaign is introduced, and the choice of the relevant data to validate the simulator is presented. Finally, in section IV, the simulator is validated by comparisons to in-flight measurements and used for a deeper analysis of the scenario.
II. SIMULATION METHOD
The modelling of the computation follows four steps, as illustrated in Figure 1 : first, the field is calculated on the scatterers using a PE method. One PE simulation is performed for each scatterers (except if they are aligned). Second, the currents on the scatterers are calculated from the PE incident field with an hybridisation process detailed in [12] that takes into account the dielectric parts of the wind turbines. Third, the field radiated by the currents is computed on the receiver by PO. Finally, a VOR error given below is applied by considering the multipaths and the direct field analytically computed.
Note that the incident field on each scatterer is calculated by neglecting their mutual interactions. Indeed, in the case of wind turbines, their mutual influence has been demonstrated to be negligible at the VOR frequency [14] .
The block diagram of the method is given in Figure 2 . From the geometry of the scenery, the antenna properties, and the composition of the scatterers, the VOR error can be calculated at the required observation points. One PE calculation and one PO simulation is performed per scatterer. Finally, following [2] , the VOR error is calculated by combining the scattered 
where a n , θ n , and ϕ n are the amplitude, the phase, and the azimuth of the n th multipath, respectively. These values are normalised by the amplitude, the phase, and the azimuth of the direct signal. This equation is valid for the conventional VOR. Another expression depending on the same parameters is available for the Doppler VOR [2] .
III. MEASUREMENT CAMPAIGN

A. Description of the measurement campaign
The case of nine wind turbines (ENERCON E-70) erected at about 5 km from the conventional VOR of Boulogne-sur-Mer (France) is studied ( Figure 3 ). The frequency is 113.8 MHz.
The relief between the VOR and wind turbines is accounted and a dielectric ground (ǫ r = 25, σ = 0.02) is considered.
The wind turbines, represented by yellow circles in Figure  3 wind turbine model has been validated by Claudepierre et al. [13] .
The exact aircraft positions during the flight measurements have been given by an on-board GPS receiver. Moreover, the exact orientations of the hubs during the measurement are also available.
The flight inspections have been performed along six radials (blue lines in Figure 3 
B. Selection of the relevant measurements
A first work before validating the simulation method with measurements is to assure the relevancy of the comparison. In this paper, this process is illustrated with two radials ϕ = −10
• and ϕ = 78
• . The VOR error for the three measurements campaigns on the two radials ϕ = −10
• , and ϕ = 78
• are plotted with respect to distance in Figures 4 and 5, respectively.
An error already exists in the first measurement campaign without the wind turbines. This error due to the surrounding environment is not negligible: up to 0.6
• of error on ϕ = 78
• and up to 1 • of error on ϕ = −10
• . The mean and variance of the absolute error are given in table I for the three measurement campaigns corresponding to no wind turbines, only the masts, and the complete wind turbines, respectively.
On the radial ϕ = 78
• , no significantly change in the mean and variance of the error is observed. It implies that the VOR error induced by the wind turbines is hidden by the surrounding disturbances. Comparing simulations with these data is irrelevant. By contrast, on the radial ϕ = −10 • , the mean and the variance of the error significantly increase with the erection of the wind turbines. Therefore, only the radial ϕ = −10
• can be used for the validation. This result can be geometrically interpreted from Fig. 3 . On the radial ϕ = −10
• , the wind turbine impact is more significant because the aircraft overflies the wind farm, which is not the case on the radial ϕ = 78
• .
IV. RESULTS
A. Validation of the simulation method
The simulation method is validated by comparison with the VOR error measured along the radials ϕ = −10
• . The simulated and measured VOR errors due to the masts only are plotted in Figures 6 with respect to distance. In the same way, the simulated and measured VOR error for the complete wind Table I : Mean and variance of the absolute value of the VOR error for the three flight inspection measurements.
turbines are plotted in Figure 7 . For a distance greater than 20 NM, there is a good agreement between the measurements and the simulations. Below 20 NM, the disturbance due to the surroundings prevails, see Figure 4 . Some inaccuracies still remain. Some fast variations are not correctly modelled, and a sign difference sometimes appear. It may come from the VOR receiver which is in reality more complicated than equation (1) used for the simulation. However, the simulation gives an accurate approximation of the error due to the wind turbines. Thus, the simulator is considered validated. More validations are presented in [12] .
B. Quantification of the contribution of each part of the wind turbines
To obtain more information about the influence of wind turbines on the VOR error, the simulation method is able to isolate the contributions of every part of the wind turbines in a post-processing step. For instance, the simulation result presented in Figure 7 is detailed in this section to give a better understanding of the scattering phenomena involved.
The respective contributions of the wind turbines blades, hubs, and masts to the VOR error are plotted in Figure 8 with respect to distance. • .
The blades and the hubs add less than 0.1 • to 0.3 • error each. This is very low compared to the total error. So the difference between the two measurement campaigns (masts only and complete wind turbines) is mainly due the differences between the two flight trajectories during the two measurement campaigns.
This also shows that to study the effect of additional wind turbines in the same zone, modelling the masts only would give a good approximation of the total error. Note that this conclusion is only valid for this type of wind turbine and on that trajectory. More simulations would be necessary to extend the validity of this statement.
In conclusion, the simulation method presented in this paper allows to discriminate the contributions to the VOR error of the different scatterers and their inner parts. For instance, it is shown here that far from the VOR, the masts are the main contributors to the error.
V. CONCLUSION
The simulation method presented here to predict the VOR error due to large scatterers is based on an hybridisation between parabolic equation and physical optics. A processing step to take into account the VOR receiver is also used. In this paper, this method has been applied to wind turbines. A validation with in-flight measurements around a conventional VOR in Boulogne-sur-Mer and nine wind turbines nearby has been performed.
The simulator ability to compute the VOR error due to complex obstacles such as wind farms with a great accuracy has been shown. This simulator can also discriminate the contributions of the different obstacles and their different parts to the VOR error.
The simulator can be used before flight inspections. A simulation of the VOR error all around the VOR indicates the radials to consider if one wants to measure the maximum error during a flight inspection. It can also be used beforehand to approve or turn down a wind farm building project. Note that the reasonable simulation time allows to study several scenarii for a single project.
